ABSTRACT The traditional distributed generation (DG) locating and sizing method is based on a fixed network structure, which is assumed to be unchangeable during the planning period. The flexible distribution network structure is not considered. This paper proposes a novel method for DG locating and sizing in active distribution network (ADN), which mixes DG locating and sizing problem and distribution network reconfiguration problem together. The objective is to minimize the total costs of the distribution network in the planning period. DG locating and sizing considering network reconfiguration is a complex mixed-integer non-linear programming problem. This paper convert the dual-level planning model to the second-order cone programming model, which can be solved with commercial solver GUROBI. The proposed model and method are testified with the modified IEEE 33-bus system. INDEX TERMS Active distribution network, distributed generation, distribution network reconfiguration, locating and sizing.
I. INTRODUCTION
The distribution generation (DG) becomes much more important under the background of global energy crisis and serious environment problems. DG is flexible and usually environment-friendly, and can decrease the active power loss, improve the voltage profile and system reliability of the distribution network. Every coin has two sides, DG also brings a lot of problems, such as voltage rising at public connecting point, three-phase imbalance and voltage fluctuation [1] . These problems will also restrict the DG integration. The visible side of coin depend closely on the locating and sizing of DGs in the distribution system. The improper locating and sizing will not only cause idle assets, but also bring negative effects to the system operation. With the continuously increasing of DG penetration, DG integration plays an important role in alleviating the shortage of power supply and ameliorating energy structure. At the same time, DG integration brings new challenges to power system optimization problems. Therefore, it is significant to use scientific research method for DG locating and sizing.
There are many research achievements in locating and sizing of DGs. Reference [2] presents an analytical approach to minimize the real and reactive power losses with DG proper locating and sizing; the method bases on the sensitivity analysis method. Reference [3] proposes a multi-objective model for DG locating and sizing, considering the interests of DG owners and Distribution Company; the model is solved with Particle Swarm Optimization algorithm. Reference [4] takes into account the profits of both DG investors and utility, proposes a differential evolution algorithm to confirm the best sites, sizes, and optimal payment incentives of DGs. Reference [5] compares three Mixed-Integer Programming approaches for DG locating and sizing; a linear DC power flow approximation, a nonlinear DC power flow approximation with quadratic terms, and an AC power flow approach are considered. Reference [6] considers the uncertainties of load growth, wind generation, photovoltaic output, fuel cost and electricity price, uses probabilistic power flow-embedded generic algorithm to solve the optimization problem. Reference [7] proposes chance constrained programming mathematical formulation for DG locating and sizing. The Monte Carlo Simulation embedded genetic algorithm is selected to solve the problem.
Most of the above-mentioned DG locating and sizing methods are well suited to allocate in traditional distribution network (TDN). However, TDN planning uses the utmost capacity margin to cope with the most serious operation condition aiming at the forecasted peak load (The capacity-load ratio is normally set to 1.8∼2.2 for the distribution network in China according to the code for planning and design of urban distribution network -GB 50613-2010). Thus, TDN planning can find the optimal solution for almost all the operation problems encountered in the planning period. Therefore, the planning methodology of TDN is relatively simple, the assets cannot be fully excavated, the network lacks of the flexible controllable characteristic. The booming Active Distribution Network (ADN) is a system with controllable mechanism and diversified energies. With active management of the controllable equipment, ADN can improve the DG penetration, enhance the asset utilization, and postpone the network upgrading. In the planning stage, ADN focuses on the detailed system operation, instead of the most serious operation condition. There are some research progresses about DG locating and sizing in ADN.
Reference [8] proposes active distribution network planning model to maximize the wind turbine generation; the on-load tap changer voltage control, DG active power curtailment and power factor adjustment are considered. The maximum wind turbine generation capacity is analyzed based on different combination of active management schemes. Reference [9] proposes a multi-configuration multi-period optimal power flow based technique for accessing the maximum DG capacity under different active management schemes. Reference [10] uses convex formulation of ac optimal power flow to define the Mixed-Integer Second-Order Cone Programming (SOCP) problem; then the method and formulation to site and size the Energy Storage System (ESS) optimally in distribution system is proposed. Reference [11] proposes a battery operation strategy for better utilization of ESS and mitigation operation risk from price uncertainty. The locating and sizing of ESS is obtained through costbenefit analysis method, the fuzzy Particle Swarm Optimization algorithm is used to solve the optimization problem.
Reference [12] proposes a multi-period optimal power flow approach for assessing the improvement of DG hosting capacity of distribution systems by applying static reconfiguration or dynamic reconfiguration, together with active network management schemes. The distribution network reconfiguration (DNR) is considered for the DG hosting capacity.
The distribution network has many tie switches and sectional switches for emergency response. Most of aforementioned DG locating and sizing method is based on a fixed network structure, which is assumed to be unchangeable during the planning period. The flexible distribution network structure and its variety are not considered. The final scheme may be the best for only one structure, but not for all the possible structures. The distribution network has yearly, seasonally and daily operation mode, corresponding with different topology structure. The yearly operation mode is corresponding with the normal topology structure, the seasonally operation mode is fine-tuned based on the yearly operation mode to suit for the seasonal demand variation. This paper focuses on DG locating and sizing in ADN considering long-term distribution network reconfiguration, trying to find the best DG location and size considering yearly distribution network topology. The main contributions of this paper include: 1) a novel method of DG locating and sizing in ADN considering long-term distribution network reconfiguration is proposed; 2) the SOCP model of DG locating and sizing considering the distribution network reconfiguration is solved based on the SOCP model with GUROBI solver.
The remaining of this work is organized as follows. Section II presents the outline of the DG locating and sizing in ADN considering distribution network reconfiguration. Section III proposes the mathematics model of the problem and solving procedure. Section IV gives the numerical results and analysis. The conclusions are drawn in section V.
II. OUTLINE OF THE PROPOSED METHOD
Distribution network is designed with close-looped structure and operated with open-looped structure. The distribution network has many tie switches and sectional switches for emergency response. These deployed switches improve the reliability and flexibility of the distribution network operation. Distribution network reconfiguration can minimize the network power loss and increase the power supply reliability through switch operation in the normal operation situation. When the fault happens, the load can be transferred to the non-faulted area through switch operation to minimize the effect of fault.
The traditional DG locating and sizing method without considering network reconfiguration is based on a fixed network structure as shown in Fig. 1 , the structure is assumed to be unchangeable during the planning period. The upper level model sets the alternative plan of DG location and size with objective to minimize the investment and operation cost. The lower level model minimizes the operation cost based on the DG alternative plan from upper level, and return the operation cost to upper level.
DG locating and sizing method considering long-term network reconfiguration firstly confirms the yearly alternative network reconfiguration topology, then sets the alternative plan of DG location and size, finally minimizes the yearly operation cost based on the network reconfiguration topology, DG location and size. In this paper, DG locating and sizing problem and distribution network reconfiguration problem are mixed together.
Active distribution network adds more decision variables and constraints, superposing on uncertainties, its operation states become much complex. There are some methods proposed including genetic algorithm [13] , mixed integer linear programming [14] , mixed integer SOCP [10] , etc. This paper solves the DG locating and sizing method considering longterm network reconfiguration problem with SOCP method based on the commercial solver GUROBI [15] . 
III. PROBLEM FORMULATION
The input parameters of the optimization problems are characterized by different stochastic behaviors over a given time span, like: daily, seasonally, and yearly. To deal with these variations, a reasonable number of scenarios should be considered. However, accounting for all possible scenarios results in a large-scale and computationally expensive simulation. Due to this computationally complexity, often the number of scenarios is reduced to a reasonable one through some data clustering method. In this paper, K-means cluster method is used to categorize the historical data for the problem simplification. The Matlab cluster function IDX=kmeans(A, K) is used, where K is the number of the clusters. The final centroid of each cluster K is selected to represent all the samples in it.
A. OBJECTIVE FUNCTION
The proposed DG locating and sizing model minimizes total investment and operation cost, subjects to the equipment investment constraints, network security constraints and active management constraints.
where f is the total planning cost; C inv is the DG investment cost. C ope is the operation cost, including the power loss cost, DG operation cost. (i, j) ; u ij is the binary variable, which takes the value 1 if the branch (i, j) is closed and 0 otherwise; B is the set of total branches, including both the branches with the sectional and tie switches. C P t is electricity price at time t. P DG j,t is the active power from DG on bus j at time t; f DG k (·) is the DG cost function on bus k, when the DG is the renewable like wind turbine generation, we regard the cost function equals zero, when the DG is the micro turbine generation, we can use the linear cost function or linearize the non-linear cost function.
y is the index of the planning period, σ is the discount rate, 1/(1 + σ ) y−1 is the present value factor; D sc is the number of days in the scth scenario.
B. CONSTRAINTS

1) DG installation constraints, including (6) maximum
DG installation capacity in the DG site candidate and (7) DG penetration constraint.
where (6) is the total quantity of unit capacity DG installation constraint on bus j, Z DG,max j stands for maximum quantity of unit capacity DG installed on bus j. Equation (7) is the total DG installation capacity constraint, the DG penetration rate should be smaller than β; D is the set of bus where DGs have already been installed; P DG j,rated is the DG rated power which has been already installed onbus j; n is the set of total loads, P L j is the active power of load on bus n. 2) Distribution network forward-backward sweep power flow equations
where M is a large enough integer number to control the inequality constraints (10). When branch (i, j) is opened, M disables (10), when branch (i, j) is closed, (10) is converted to a equality constraints. P L j , Q L j are the active and reactive power from load on busj; P DG j , Q DG j are the active and reactive power from DG on bus j; Q C j is the reactive power of the capacitors on busj. x ij is the reactance of the branch (i, j); P ij , Q ij are the active and reactive power on the front end of branch (i, j); V i , V j are the voltage magnitude on node i and node j; P jk , Q jk , are the active and reactive power on the front end of branch (j, k).
3) Network structure constraints
Equation (10) is the network topology structure constraint to ensure the network topology is still radial after network reconfiguration, which is based on graph theory. The number of total load points equals the number of closed branches. N is the numbers of total load points. Only (10) cannot ensure the radial topology, which may cause isolated load or isolated load chain [16] . Fortunately all the loads have to satisfy the power flow equations in (8) , which avoids the isolated load or isolated load chain. Equation (8) assures that all the loads are supplied from substation. Equation (10) and (8) assure that there are no loops and the topology structure is radial. The previous analysis is based on the premise that there are non-existing of DGs and/or zeroload buses. If the capacity of installed DG is smaller than the load in the same bus, the previous analysis is still valid. When the DGs are capable to feed some loads independently or there are zero-load buses, we need to take some additional loop elimination method to ensure the reasonable topology of distribution network [17] , [18] .
4) Voltage limits
Equation (11) 
Equation (12) is the branch current constraint, I ij , I max ij are separately branch current and maximum limit of the current on branch (i, j).
6) Active management constraints
where, (13) is the DG active management constraints, P DG j,max is the maximum power production on bus j, ψ M is the set of the dispatchable DG installation buses. Equation (14) is the reactive power compensating constraint, Q C,min m , Q C,max m is separately the lower and upper limits of the reactive power.
C. SOLVING METHODOLOGY
As the SOCP is polynomial time computable, it is widely applied in the practical engineering problems within power system [19] , [20] . This paper introduces two new variables
to convert the proposed mathematics model to the a mixed integer SOCP model [17] , [18] . With the new introduced variables, all the objectives and constraints can be converted to the second-order cone format. The detailed conversion can be found in [21] .
The new introduced variable brings about the following equality constraint:
Constraint (15) can be relaxed to the following SOCP format:
where · 2 is the 2-norm, the relaxation (15) is proved to be exact and reasonable in [22] , the optimal solution is not affected. With the new introduced variables, the previous can be transferred to the second-order cone format, then the SOCP model of DG locating and sizing considering distribution network reconfiguration is built. The CVX-MATLAB interface [23] has been selected for the mixed integer SOCP problem, and the GUROBI 6.5 [15] solver has been used to solve it. The solving procedure is shown in Fig. 2 .
IV. NUMERICAL RESULT
The modified IEEE-33 bus test system from [24] is selected for the application example, the initial system is shown with the solid line in Fig. 3 . The system is radial distribution network with one single substation, which has 33 buses, 35 lines, 32 sectionalizing switches, 5 tie switches, voltage of 12.66 KV, and nominal load of 3715 kW and 2700 kvar. The tie switches are installed on branch 7-20, 8-14, 11-21, 17-32 and 24-28 . The DG alternative types include micro turbine generation (MTG), wind turbine generation (WTG) and photovoltaic generation (PVG). The WTG and PVG cannot be dispatched. The MTG is dispatchable. The simulation parameters are shown in Table 1 . The other network and load parameter can be found in [24] . In order to testify the importance of the network reconfiguration in the DG locating and sizing within the planning horizon, five scenarios with 0%, 20%, 40%, 60%, 80% load increases are analyzed.
The uncertainties of the DG and load is considered, the data clustering method is used to group the input data and reduce the number of typical days [16] .
There are lower voltages on long feeders 5-17 and 25-32. The lowest voltage is 0.913 p.u. on bus 17 in the initial system. The reconfiguration and DG installation result are shown in Table 2 and Table 3 . The cost result is shown in Table 4 . Table 5 shows the comparison of total cost with and without considering network reconfiguration.
Without load increase, network reconfiguration can fulfill the system security constraints, the opened switch is 6-7, 8-9, 13-14, 27-28, 31-32. The loads on heavy-loaded feeder 5-17 are transferred to feeder 18-21. The loads on heavy-loaded feeder 25-32 are partly transferred to feeder [22] [23] [24] . If network reconfiguration is not considered during the DG locating and sizing, the DG installation is the only option in this case. 450 kW WTG is installed on bus 5 and 300 kW WTG is installed on bus 17. The total cost considering network reconfiguration is 171.49×104 RMB, which decreases 48.54% compared with the scheme without considering network reconfiguration.
With loads increase 20%, network reconfiguration cannot satisfy the new load demand. 450 kW WTG is installed on bus 5, the opened switch is 6-7, 8-9, 13-14, 17-32, 24-28. If network reconfiguration is not considered during the DG locating and sizing, 900 kW WTG is installed on bus 5 and 600 kW WTG is installed on bus 17. The total cost considering network reconfiguration is 300.28×104 RMB, which decreases 44.95% compared with the scheme without considering network reconfiguration.
With load increases 40%, 850 kW WTG is installed on bus 5 and 50 kW WTG is installed on bus 17. The opened switch is 6-7, 8-9, 13-14, 17-32, 24-28. If network reconfiguration is not considered during the DG locating and sizing, only DG cannot satisfy the load demand based on the current alternative DG site and DG penetration constraint. Without network reconfiguration, the DG cannot support the system expansion properly with higher load increase. Network reconfiguration enables the DG ability to support the system expansion with limited DG alternative sites.
With load increases 60%, 1000 kW WTG is installed on bus 5 and 500 kW MTG is installed on bus 24. The large capacity of intermittent WTG needs the MTG for peak shaving. The opened switch is 8-9, 13-14, 27-28, 7-20, 17-32.
With load increases 80%, 1000 kW WTG is installed on bus 5, 550 kW WTG is installed on bus 17 and 750 kW MTG is installed on bus 24. The opened switch is 8-9, 13-14, 16-17, 27-28, 7-20. The network topology after reconfiguration is shown in Fig. 4 . Bus voltage profile of time 17:00 is shown in Fig. 5 . 80% load increase has a messy curve as the network reconfiguration and MTG power active management. The cost comparison of different load increase is shown in Fig. 6 . With load increasing, the total cost increases faster because of the peak shaving MTG installation. PVG is not installed for all the scenarios because of the higher cost.
V. CONCLUSIONS AND FUTURE WORKS
This paper proposes the novel modeling and solving method of DG locating and sizing considering distribution network reconfiguration in active distribution network. The proposed model and method are testified with the IEEE 33-bus system.
Network reconfiguration transfers the load from the heavy-loaded feeder to the light one to balance the load distribution and postpone the system upgrade. Network reconfiguration does not need investment of new equipment, which can decrease the total planning cost especially with larger quantity of tie-switches and section-switches.
In IEEE 33-bus system, without load increase, the total cost considering network reconfiguration decreases 48.54% compared with the scheme without considering network reconfiguration. With loads increase 20%, the total cost considering network reconfiguration decreases 44.95% compared with the scheme without considering network reconfiguration. When loads increase beyond 40% in IEEE 33-bus system, the scheme without considering network reconfiguration cannot fulfill the load demand. Without network reconfiguration, the DG cannot support the system expansion properly with higher load increase. Network reconfiguration enables the DG ability to support the system expansion with limited DG alternative sites. So it is necessary and profitable to consider the distribution network reconfiguration when planning the DG.
